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The RET proto-oncogene (OMIM 164761) is the main gene associated with HSCR, although other genes (GDNF, NRTN, PSPN, EDNRB, EDN3, ECE1, NTF3, NTRK3, SOX10, PHOX2B, L1CAM, ZFHX1B, KIAA1279, TCF4, PROK2, PROKR1, PROKR2, GFRA1, NRG1, NRG3, SEMA 3A, and SEMA 3D) have been also related to the disease. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] HSCR is regarded as a disorder with complex genetic basis. The contribution of different mutational events within several loci acting in an additive manner is usually involved in the development of this disease. 2, 11 This genetic complexity observed in HSCR could be explained in part by the nature of the development of the ENS, which is regulated by an ever-increasing range of molecules and signaling pathways involving both NCCs and the intestinal environment. 12, 13 To elucidate the genetic basis of HSCR, one must understand the mechanisms underlying the selective gene expression during the development of the ENS. In cells, all genes are transcribed at some stage of the life cycle, and the selection of genes to be activated or specifically inactivated plays a key role for proper ENS formation. One of the main regulatory processes implicated in the maintenance of the correct levels of gene expression is DNA methylation-dependent transcriptional silencing. For instance, failure to appropriately repress genes has been related to many human diseases, including neurodevelopmental disorders and cancer. 14, 15 DNA methylation patterns are established by three independent DNA methyltransferases-DNMT1, DNMT3A, and DNMT3B 16, 17 -known to be necessary during neural progenitor cell development. [18] [19] [20] DNMT1 is mainly implicated in Purpose: Hirschsprung disease (OMIM 142623) is a neurocristopathy attributed to a failure of cell proliferation or migration and/or failure of the enteric precursors along the gut to differentiate during embryonic development. Although some genes involved in this pathology are well characterized, many aspects remain poorly understood. In this study, we aimed to identify novel genes implicated in the pathogenesis of Hirschsprung disease.
Methods:
We compared the expression patterns of genes involved in human stem cell pluripotency between enteric precursors from controls and Hirschsprung disease patients. We further evaluated the role of DNMT3B in the context of Hirschsprung disease by inmunocytochemistry, global DNA methylation assays, and mutational screening.
results: Seven differentially expressed genes were identified. We focused on DNMT3B, which encodes a DNA methyltransferase that performs de novo DNA methylation during embryonic development. DNMT3B mutational analysis in our Hirschsprung disease series revealed the presence of potentially pathogenic mutations (p.Gly25Arg, p.Arg190Cys, and p.Gly198Trp).
conclusion: DNMT3B may be regulating enteric nervous system development through DNA methylation in the neural crest cells, suggesting that aberrant methylation patterns could have a relevant role in Hirschsprung disease. Moreover, the synergistic effect of mutations in both DNMT3B and other Hirschsprung disease-related genes may be contributing to a more severe phenotype in our Hirschsprung disease patients.
Original research article keeping specific methylation during DNA replication, whereas DNMT3A and DNMT3B contribute to the establishment of de novo methylation patterns during early embryogenesis. In addition, interaction of DNMT3A and DNMT3B has also been observed in de novo methylation processes. 21 Specifically, DNMT3B has an important role in the initial steps of progenitor cell differentiation, and DNMT3A is essential for the maturation processes of cell differentiation. 15 This de novo DNA methylation of the genome suggests the existence of conserved mechanisms during mammalian development. [22] [23] [24] Nowadays, the isolation of ENS progenitor cells from the human postnatal gut represents a powerful tool for the study of ENS development. The ENS progenitor cells are cultured in order to form cell clusters, which subsequently grow as aggregates or neurosphere-like bodies (NLBs) in suspension and include stem cells and their progeny derived from the neural crest. These NLBs have been used as a source of enteric precursor cells that can be transplanted to restore the contractile properties of aganglionic bowel by neurally mediated mechanisms. [25] [26] [27] [28] In the present study, we have used such NLBs to search for new genes that could be implicated in ENS formation and in the pathogenesis of HSCR. Given that neural crest pluripotency is essential for proper ENS development in particular, we have studied the expression profiles of pluripotency-associated genes in enteric neural precursors. We performed a comparative study in NLBs derived from the postnatal human bowels of a selection of HSCR patients (HSCR-NLBs) versus controls (control-NLBs). Among the differentially expressed genes, we have identified the de novo DNA methyltransferase DNMT3B, which plays an important role during the early stages of genome-wide DNA methylation and is highly implicated in neural progenitor differentiation during ENS development. Moreover, due to its important role in shaping DNA methylation patterns, we carried out a mutational screening in our series of HSCR patients to determine if mutations in DNMT3B might also be associated with HSCR.
MAteriALs And MetHods ethical approval
Written informed consent for surgery and clinical and molecular genetic studies was obtained from all participants. The study was approved by the ethics committee for clinical research of the University Hospital Virgen del Rocío (Seville, Spain) and complies with the tenets of the Declaration of Helsinki.
Generation of ens human nLBs
Human ENS progenitor cells were isolated from human postnatal tissues of ganglionic full-thickness gut of seven sporadic nonrelated patients diagnosed with isolated HSCR (L-HSCR:S-HSCR = 4:3; males:females = 4:3) and four patients without HSCR considered as controls (two males and two females). The age range of the subjects studied here was 3 months to 3 years. None of the seven HSCR patients carried coding mutations in RET or other HSCR-related genes such as GDNF, EDN3, EDNRB, SOX10, or PHOX2B. Regarding the presence of the RET enhancer mutation c.73+9277T>C (rs2435357), which has been described as being significantly associated with HSCR susceptibility, making a 20-fold greater contribution to risk than coding mutations, 11 the three possible genotypic combinations were represented in our patients (one patient CC, three patients CT, and three patients TT). The ganglionic bowels were dissected and incubated in a solution of 0.26 mg/ml trypsin collagenase, 5 mg/ ml dispase, 0.28 mg/ml hyaluronidase, 3.3 μg/ml elastase, and 0.6 mg/ml collagenase in phosphate-buffered saline for up to 30 minutes at 37 °C. Digested tissue was triturated and washed, and the cells were cultured in Dulbecco's modified Eagle medium (1 mg/ml glucose) containing 100 U/ml penicillin, 100 g/ml streptomycin, supplemented with 2 mmol/l l-glutamine (Gibco Life Technologies, Carlsbad, CA), 0.05 mmol/l 2-mercaptoethanol, 1% (volume/volume) N1 (Sigma Aldrich, Poole, Dorset, UK), 10% (volume/volume) human serum, 20 ng/ml basic fibroblast growth factor, 20 ng/ml epidermal growth factor, and 10 ng/ml glial cell-derived neurotrophic factor (Peprotech, London, UK), as previously described by Ruiz-Ferrer et al. 7 Immunocytochemical analysis showed that the majority of the ENS progenitors in our culture were nestin-positive cells. To characterize the cells that form the NLBs, we proceeded to adhere them, and subsequently they were immunostained with a neuronal marker (TuJ1), glial markers (glial fibrillary acidic protein, S100), and a smooth muscle alpha marker. RET was also expressed by NLBs, and confocal analysis revealed the presence of this receptor in all nestin-positive NLBs, as previously described by Ruiz-Ferrer et al. Frozen NLBs from controls and HSCR patients were digested with proteinase K (0.02 mg/ml) in the presence of lysis buffer (Tris, 20 mmol/l (pH 7.8); NaCl, 150 mmol/l; Igepal, 1%; and EDTA, 2 mmol/l) at 37 °C overnight, followed by phenol/ chloroform/isoamilic extraction and ethanol precipitation and finally dissolved in 20 or 50 µl of high-molecular-grade water.
Gene expression analysis by quantitative real-time polymerase chain reaction
For the characterization of enteric precursor cells, we performed an expression study of genes previously described as markers of stem cells. We considered the pluripotency array as the one that better fits to characterize our cultures, due to the lack of well-defined expression patterns in human postnatal enteric precursors. Purification of messenger RNA (mRNA) and synthesis of complementary DNA from neural precursor cells of NLBs as well as from ganglionic gut tissues from HSCR patients and controls were performed using the protocol provided by the µMACS mRNA isolation Kit and the µMACS cDNA Synthesis Kit (MACS Molecular, Germany) in a thermoMAKS Separator (MACS Miltenyi Biotech, Germany). The expression study was made using the 7900HT Fast Real-Time
Original research article PCR system (Life Technologies) with TaqMan Array Gene Signature Plates (TaqMan Human Stem Cell Pluripotency Array, Life Technologies). The results were analyzed using the RQ Manager Software (Life Technologies), establishing glyceraldehyde-3-phosphate dehydrogenase as our endogenous control. Following the software recommendations, the upper limit of the cycle threshold (C t ) was 32, and therefore we considered positive expression exclusively when C t values were <32. The same protocol was carried out for the expression analysis of DNMT3B in ganglionic gut tissue from HSCR patients and controls.
Global dnA methylation assays
The global DNA methylation levels in neural precursor cells from the control-NLBs and HSCR-NLBs were measured with an enzyme-linked immunosorbent assay-based commercial kit (MDQ1, Imprint Methylated DNA Quantification Kit, Sigma Aldrich, St Louis, MO). For this assay, we used 100 ng of DNA, which was diluted in the corresponding volume of lysis and binding buffers and incubated at 37 °C. The methylated fraction of DNA was recognized by 5-methylcytosine antibody and quantified through an enzyme-linked immunosorbent assay reaction (450 nm). Quantification of global DNA methylation was obtained from calculating the amount of 5-methylcytosine in control-NLBs and HSCR-NLBs relative to global cytidine (5-methylcytosine + deoxycytidine) in a positive control that had been methylated previously. All the samples were analyzed in triplicate.
statistical analyses for gene expression and global dnA methylation
Data are presented as the mean ± SEM of values obtained from at least three experiments. Comparisons between values obtained in control-NLBs and HSCR-NLBs were analyzed using the Student's t-test. Differences were considered significant when the P value was ≤ 0.05.
inmunocytochemistry
Immunocytochemical studies were intended to observe the DNMT3B expression in NLBs. The single cells from NLBs were seeded onto fibronectin-poly d lysine-coated coverslips and fixed with 4% (weight/volume) paraformaldehyde in 0.1 mol/l phosphate-buffered saline. Then, they were incubated for 1 hour in 2.5% (weight/volume) bovine serum albumin in phosphate-buffered saline and with primary and secondary antibodies. After washing, the coverslips were mounted on slides with Fluoro-Gel (EMS, Hatfield, PA), and fluorescent signals were detected using a Leica Spectra confocal microscope (Leica Microsystem, Wetzlar, Germany). The primary antibody used was anti-DNMT3B (rabbit polyclonal 1:100; Santa Cruz Biotechnology, Dallas, TX). The secondary antibody used was antirabbit immunoglobulin G labeled with Alexa Fluor 568 (1:200; Life Technologies), as previously described by RuizFerrer et al. 6 Omission of primary antibodies resulted in no detectable staining in all cases.
Mutational analysis of DNMT3B
Mutational study of DNMT3B was performed in our series of HSCR patients and a group of controls. We included a total of 170 Spanish HSCR patients, and their parents when available. One hundred and sixty-eight were sporadic cases, whereas two were familial cases belonging to the same family. In addition, we also analyzed a group of 150 normal controls comprising unselected, unrelated, race-, age-, and sex-matched individuals.
Genomic DNA was extracted from peripheral blood leukocytes from all individuals included in the study, using standard protocols.
The mutational screening of the complete coding sequence of DNMT3B (NM_006892.3) was carried out by direct sequencing using an ABI PrismH3730 Genetic Analyzer and the SeqScapeH v2.5 software (Life Technologies, Carlsbad, CA). Primers used for polymerase chain reaction amplification and direct sequencing, as well as the annealing temperatures used, are summarized in Supplementary Table S1 online.
The novel identified variants were tested in a group of 150 healthy control subjects to determine if the variant was a common polymorphism. Moreover, segregation analysis of the identified variants was performed when DNA samples were available.
To evaluate the pathogenicity of the novel variants at the protein sequence level, we used different bioinformatics tools. We have analyzed the potential impact of the amino acid substitution on the structure or function of the human encoded protein using the SIFT and Polyphen tools (http://sift.bii.a-star. edu.sg/ and http://genetics.bwh.harvard.edu/pph/). Possible occurrence in regulatory or splicing motifs of novel variants located within the noncoding region were submitted to the Splice Sites and Transcription Factors Binding sequences prediction interfaces (http://www.fruitfly.org/seq_tools/splice. html, http://www.fruitfly.org/seq_tools/promoter.html, and http://alggen.lsi.upc.es/cgi-bin/promo-v3/promo/promainit. cgi?dirDB=TE8.3). The DNMT3B protein sequence was submitted to ScanProsite (http://expasy.org/tools/scanprosite/) to study predicted domains of the protein, profiles, and motifs affected by the identified variants.
Finally, all the variants detected were checked in Ensembl (http://www.ensembl.org/), NCBi (http://www.ncbi.nlm.nih. gov/), HGMD (http://www.hgmd.org/), and the Exome variant server (http://evs.gs.washington.edu/EVS/).
resuLts

Analysis of differential expression of pluripotency stem cell markers in nLBs from Hscr patients versus controls
For the characterization of HSCR neural precursor cells of the ENS, we analyzed the gene expression profiles of enteric precursor cells using a TaqMan Human Stem Cell Pluripotency Array on HSCR-NLBs and control-NLBs. We observed positive expression for 24 pluripotency stem cell markers (see Supplementary Table S2 online) of the 96 genes analyzed (see Supplementary Table S3 online) . This study showed that seven genes presented statistically significant differential expression (>twofold change) between HSCR-NLBs and control-NLBs (three upregulated and four downregulated; P value ≤ 0.05). These genes include five implicated in cell proliferation and migration (NESTIN, FN1, LAMC1, PECAM, and SEMA3A), one encoding for a transcription factor (PAX6), and one encoding for a de novo DNA methyltransferase (DNMT3B) (Table 1 and Figure 1) . Our results showed a higher expression of NESTIN, PECAM, and SEMA3A mRNAs in HSCR-NLBs as compared with control-NLBs and downregulation of FN1, LAMC1, and PAX6 mRNAs, as well as DNMT3B mRNA. The same expression patterns of genes such as SEMA3A and XIST have been previously described, 29, 30 which allowed us to validate the results obtained in this study.
On the basis of these results, we focused on DNMT3B for several reasons: first, in all HSCR-NLBs, DNMT3B mRNA was found to be downregulated in comparison with controlNLBs (HSCR-NLBs C t = 36.8; control-NLBs C t = 29). These values indicated that the levels of DNMT3B mRNA were reduced by 3.6-fold in HSCR-NLBs (P = 0.0006; Figure 2a) . By contrast, DNMT3B expression was not observed in gut tissue samples from HSCR patients or controls (Figure 1) . Second, the decrease in DNMT3B mRNA levels observed in HSCR-NLBs highlights the possibility that there might be variations in DNA methylation patterns between enteric neural precursor cells from HSCR patients and control individuals. Finally, DNMT3B is essential for the initial steps of precursor cell differentiation during embryonic development through de novo DNA methylation. This fact may be crucial in the establishment of cellular identity and lineage choice.
Hscr samples show fewer dnMt3B-positive neural precursors than controls
To further characterize the observed decrease of DNMT3B mRNA levels in HSCR-NLBs, we studied the cellular distribution and protein expression of DNMT3B mRNA in neural precursors derived from control-NLBs and HSCR-NLBs using inmunocytochemistry. We observed that DNMT3B was localized mainly in the cell nucleus, and interestingly, we noticed that the number of positive cells in HSCR-NLBs (Figure 2b ) was significantly lower than that of controlNLBs (Figure 2c) . These results are in agreement with our data showing that HSCR-NLBs include precursor cells, which present a different methylation pattern.
enteric precursor cells derived from Hscr-nLBs showed a decrease in methylation compared with control-nLBs
Considering the reduced DNMT3B mRNA levels in HSCRNLBs, we performed a study to determine whole-genome methylation levels in our NLB samples. To this purpose, we carried out an enzyme-linked immunosorbent assay-based methylated DNA quantification assay, obtaining a global genomic hypomethylation of 69 ± 15.8% in HSCR enteric precursors as compared with control precursors (100%) (see Supplementary Figure S1 online). These results correlate with the reduced DNMT3B mRNA expression levels found in HSCR-NLBs and are consistent with a potential role of DNMT3B in this pathology. With the aim of clarifying the contribution of DNMT3B to the HSCR phenotype and defining the mutational status of our series of HSCR patients, we performed a mutational screening by direct sequencing of all DNMT3B exons, including intron/ exon boundaries. We identified a total of 41 variants in DNMT3B in our HSCR series, 9 of them located within the coding region of the gene, whereas 32 were in the noncoding region (see Supplementary  Table S4 online). Bioinformatic analyses of those 32 noncoding variations failed to detect any effect on either the splicing processes or the generation/modification of a transcription factor binding site along the DNA sequence. Regarding the nine coding variants, four were synonymous amino acid substitutions (p.Gly15Gly, p.Cys524Cys, p.Tyr624Tyr, and p.Asp627Asp), and another two (p.Arg42Cys and p.Ala384Thr), although nonsynonymous, were expected to be unlikely to affect the protein structure and function after submitting them to physical and comparative considerations analysis (http://genetics. bwh.harvard.edu/pph/). More interesting was the finding of the remaining three coding variants, predicted to be probably damaging: p.Gly25Arg (rs151128145, minor allele frequency (MAF): 0.001/1), p.Arg190Cys (rs140395707, MAF: not available), and p.Gly198Trp (rs61758433, MAF: 0.001/2). Of note, none of them was detected in our control group (Figure 3) .
The p.Gly25Arg mutation was detected in two different nonrelated patients with L-HSCR phenotype (HSCR-1 and HSCR-2). It is worth mentioning that both patients carried other mutations in genes associated with HSCR. Specifically, HSCR-1 also carried a RET mutation (p. Ser147del), which was inherited from his healthy father, but did not carry any pathogenic variant in DNMT3B. A cousin of the proband displaying the S-HSCR phenotype carried the same mutation in RET (p.Ser147del), inherited from his healthy mother, without a pathogenic variant in DNMT3B ( Table 2) .
The second case, HSCR-2, with the p.Gly25Arg change in DNMT3B, is a L-HSCR female also carrying the p.Gly198Trp mutation in this gene. In addition, she also carries the NTF3 p.Glu76Arg mutation previously reported to be involved in the pathogenesis of HSCR. 4 Although the NTF3 mutation was confirmed to be inherited from her healthy mother, the unavailability of DNA from the father of the proband did not allow us to determine the inheritance of both DNMT3B mutations. Nevertheless, given that such DNMT3B mutations were absent in the mother, they were most probably inherited from her father, which leads us to assume that they were located in the same chromosome (in cis) ( Table 2) .
Finally, the DNMT3B p.Arg190Cys mutation was detected in a male HSCR patient (HSCR-3) with a L-HSCR phenotype, and we verified that the mutation was inherited from his healthy mother.
discussion
HSCR is a complex neurodevelopmental disorder in which progenitor cells derived from NCCs have deficient cell proliferation, migration, and/or differentiation patterns. Experimental approaches in different animal models using DNA microarray techniques to profile gene expression in the developing ENS 31, 32 have allowed researchers to better understand the cellular and molecular bases of ENS development. 33, 34 However, new approaches are still needed for studying the early stages of neurogenesis in the human embryo. Human enteric precursors have become a powerful tool for studying early embryonic stages of gut development. [25] [26] [27] [28] In this study, we have evaluated the differences in the expression patterns of pluripotency stem cell marker genes between precursors derived from HSCR-NLBs and controlNLBs. We have obtained different expression levels in a group of genes (NESTIN, FN1, LAMC1 , PECAM, SEMA3A, PAX6, and DNMT3B) between the two types of samples. It is worth mentioning that the differential expression of genes such as SEMA3A and XIST was essential for validating these results. In the case of SEMA3A, it has been demonstrated that HSCR colon displays a higher expression of SEMA3A compared with controls. 29 Importantly, we have obtained the same results in NLBs derived from human postnatal gut. Furthermore, XIST (X (inactive)-specific transcript), expressed exclusively from the XIC of the inactive X chromosome and essential for initiation and spreading of X inactivation, 30 was observed exclusively in NLBs from female HSCR patients and controls. Most of the identified genes encode proteins that are related to cell proliferation or migration, critical processes for proper ENS or central nervous system development.
We have focused on DNMT3B (de novo DNA methyltransferase) due to the importance of epigenetic and de novo methylation events during the selective expression of genes during development, as well as the important role of this methyltransferase in the initial steps of progenitor cell differentiation. 15, 22, 23 We observed reduced levels of DNMT3B mRNA and protein levels in neural precursor cells of HSCR-NLBs. We also detected a high number of enteric precursors with different DNA methylation patterns in HSCR-NLBs, which may lead to variations in the transcriptional regulation and the pluripotency stage during the cell differentiation process of these precursors. The DNA methylation status is highly related to expression levels of methyltansferases, and proper DNA methylation patterns are essential for preserving a correct embryonic development. Watanabe et al. 15 reported that DNMT3B is essential for the initial steps in the cell differentiation of enteric precursor cells to neurons in mice. In this sense, we could hypothesize that these changes may induce a transient proliferation arrest in an undifferentiated precursor state, leading to a defective differentiation into the cell lineage required for an appropriate human ENS development. In agreement with these results, we have observed an increase in the stem cell and neural precursor marker NESTIN expression levels in NCCs are a population of multipotent cells that migrate extensively throughout vertebrate embryos to form diverse structures. The migratory NCCs flow occurs with neuronal differentiation in order to achieve a proper ENS development. Although DNMT3B has been reported to be inessential for the development of mouse cranial NCCs, 34 it seems to have a role in the neurogenesis of enteric NCCs. DNMT3B is detected within a narrow window during early neurogenesis, whereas DNMT3A is present in both embryonic and postnatal central nervous system tissue. 35 This is probably the reason why we did not observe DNMT3B expression in gut tissues from either HSCR patients or controls.
Methylation levels in HSCR-NLBs were lower compared with those of control-NLBs, which reinforces the hypothesis that enteric precursors of HSCR-NLBs lacking DNMT3B show differential DNA methylation patterns, as well as different expression of genes and cellular identity. We have also identified in enteric precursor cells from HSCR-NLBs significantly downregulated genes implicated in the above-mentioned processes including FN1, LAMC1, and PAX6. Furthermore, hypomethylation of the transcription factor PAX6 results in decreased mRNA expression and reduced proliferation capacity, 36, 37 and PAX6 overexpression results in a higher neuronal differentiation. 38, 39 In addition, we have performed the first comprehensive mutational spectrum analysis of DNMT3B in the context of HSCR, which revealed the presence of three potentially pathogenic sequence changes (p.Gly25Arg, p.Arg190Cys, and p.Gly198Trp) in three different patients. The low MAF values reported and the absence of the three variants in our group of normal controls discard them as common polymorphisms and fits with the low incidence of HSCR. It is of interest to note that the three mutations are located in a region of the protein that interacts with DNMT1 to perform the establishment of a de novo methylation pattern that occurs during embryonic development. 25 Therefore, these mutations may hamper the appropriate methylation patterns and the regulation of gene expression required for proper embryonic development. The failure in the regulation of gene expression during the development of the ENS could be one of the mechanisms triggering HSCR in these patients. This is consistent with our results from the expression studies, supporting the hypothesis that DNMT3B is a gene involved in the development of ENS and therefore in the occurrence of HSCR. Worth mentioning is the fact that, in at least two cases, the DNMT3B mutations cosegregated with mutations in other HSCR loci, in accordance with a complex and multigenic model of inheritance previously proposed for HSCR. It is currently accepted that both common "low penetrant" variants in combination with rare or private "high-penetrant" variants determine the risk for HSCR. Moreover, length of aganglionosis is suspected to be the result of the contribution of a number of molecular events affecting the proliferation, migration, and/or differentiation of cells during ENS formation: the higher the number of variations in key genes for ENS development and the more deleterious effect of such mutations would lead to an earlier arrest of migration and therefore to a longer distal aganglionic intestinal portion. This would explain the finding of multiplex HSCR families with affected members showing a different phenotype as the result of the contribution of at least one highpenetrant mutation and additional modifying genetic factors. For instance, in the case of a family previously reported by our group, both RET and NTRK3 mutations acting together were necessary and sufficient for the appearance of the disease, and an EDN3 mutation was acting as a phenotype-modifying factor. 40 Translating this to our current results, we can also propose a synergistic effect of mutations in DNMT3B and other HSCR-related genes, mainly RET, to generate the phenotype. This is particularly interesting for the multiplex family reported here, in which the RET p.Ser147del mutation is present in the two affected members studied (the L-HSCR proband and his S-HSCR cousin). The DNMT3B Gly25Arg mutation appears exclusively in the patient with the L-HSCR, suggesting that the DNMT3B variant may be acting as a phenotype modifier. It is tempting to speculate that the RET mutation may be the major cause of the disease in the family, although-as is the case with the vast majority of RET mutations-with incomplete penetrance, 2 whereas the DNMT3B rare variant would contribute a more subtle effect. Regarding the second case, only the NTF3, but not the DNMT3B, mutation was inherited from the healthy mother, again supporting the additive model.
In summary, we have characterized the precursors of human ENS and have identified a group of genes with differential expression patterns between ENS precursors from HSCR patients and controls. Through the experiments designed to study the role of DNMT3B in HSCR, we have observed a decrease of DNA methylation in enteric precursors from HSCR-NLBs, resulting in lower pluripotency. In this study, we have shown for the first time that DNMT3B could be involved in the ENS development, and mutations in its coding sequence may contribute in an additive or multiplicative manner to the severity of the HSCR phenotype. Moreover, further studies are necessary to investigate the role of DNMT3B in the regulation-through DNA methylation-of known genes implicated in this pathology.
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